, moderately sensitive (Cave-in-rock, Forestburg, Kanlow, Sunburst, and Tusca), moderately tolerant (Trailblazer), and tolerant (Expresso) to low temperatures. The cardinal temperature estimates would be useful to improve switchgrass models for field applications. Additionally, the identified cold-and heat-tolerant genotypes can be selected for niche environments and in switchgrass breeding programs to develop new genotypes for low and high temperature environments.
Introduction
The adoption of a biomass feedstock crop for a niche environment is favoured on the species ability to grow and sustain under a wide range of growing conditions and its ability to produce high yields and quality biomass. From an agronomic perspective, the crop should also be able to establish rapidly and uniformly under existing conditions to escape weed competition and late-season water unavailability [1] . Establishment of warm-season feedstock grasses has been limited due to slow germination and low seedling vigor [2, 3] , particularly in the first year after seeding, presenting a major problem in the improvement of existing stands, or in establishing new stands. Slight or moderate successes of native grasses establishment can be attributed to seed dormancy and delayed germination [4] . Seeding feedstock fields requires knowledge of many parameters, including optimum temperature and moisture conditions for rapid germination and establishment [5, 6] .
Switchgrass (Panicum virgatum L.), a warm-season, native C 4 bunch grass species was identified as a poten-Using in Vitro Seed Germination Assay tial and model lignocellulosic biofuel feedstock by the U.S. Department of Energy's Bioenergy Feedstock Development Program [7] . It is a highly diverse species with significant genetic [8] and phenotypic variation resulting from gene migration, random genetic drift, mutation, natural selection [9] combined with environment dissimilarity due to latitude, altitude, soil type, and precipitation [10] .
Temperature is a major environmental factor influencing seed germination capacity and rate and seedling vigor [3] through three distinct processes; it effects on seed deterioration (seed aging), dormancy loss, and on the germination process itself [11] . Extreme temperatures are the single most important factor delimiting the distribution, adaptability, and yield potential of plants. Suband supra-optimal soil temperatures at seeding can affect both the germination rate and maximum seed germination; therefore breeding for seed temperature tolerance may be necessary for adequate and uniform crop establishment.
Determining temperature effects on seed germination using mathematical functions may be useful in evaluating germination characteristics or establishment potential among genotypes or species [12] . Final seed germination percentage and germination rate are both considered sensitive indicators of seed vigor [13] . Germination can be characterized by three cardinal temperatures (minimum, T min ; maximum, T max and optimum, T opt ) that determine the range of temperatures across which germination can occur. Previous studies that reported effects of temperature on switchgrass germination capacity and rate did not quantify the cardinal temperatures for diverse switchgrass genotypes. Switchgrass germinates slowly when the temperature is below 15.5˚C with maximum germination occurring within 3 d of imbibition at 29.5˚C [14] . Minimum temperature for switchgrass germination is 10.3˚C and optimum temperature occurring between 25˚C and 30˚C [15] . Minimum temperatures are critical for accurate phenological predictions because minute differences in temperatures can cause considerable differences in germination time. Current switchgrass models that simulate switchgrass phenology use blanket minimum temperatures that range from 10˚C to 12˚C [16] [17] [18] , although it is suspected that there is intra-species variation.
The interest in switchgrass as a feedstock has fostered development and selection of a wide number of genotypes, which must be screened for various abiotic stress tolerances prior to release. Current screening methods are restricted to field performance and visual evaluations which may mask a genotype's true potential or tolerance capacity due to unpredictable moisture and fluctuating temperatures in the field. Field screening for temperature tolerance is tedious, inconsistent, and seasonally limited; therefore the need for simple, rapid, and reliable techniques to identify sources of tolerance and for evaluating a large number of breeding materials in controlled environments is required [19] . Screening for abiotic stress tolerance has been achieved using biochemical and physiological parameters at the germination, emergence, vegetative, and reproductive stages. In vitro seed-based screening can provide insights into genotypic environmental adaptability and tolerance capacity prior to field evaluations. Studies related to temperature tolerance screening in switchgrass; however, are limited in general and no reported studies using seed-based parameters have been found. Seed-based parameters, in particular, germination capacity and rate have been used successfully to screen several species and genotypes for various abiotic stress factors including drought [20, 21] , saline [22, 23] , flooding/water logging [24] , chilling [25, 26] , and heat tolerance [27, 28] in other species. The temperature tolerance capacity of different genotypes may be determined by relative ranking using single value indices, percentiles and quartiles relative to control studies and cumulative indices, groupings based on statistical separation of means [28] [29] [30] or quantitative relationships determined by principal component analysis [31] [32] [33] .
The objectives of this study were to 1) quantify the effects of temperature on seed germination capacity and rate, 2) determine the cardinal temperatures for seed germination capacity and rate, and 3) classify genotypes for temperature tolerance using cumulative temperature response index concept. The seed germination and temperature dependent functional algorithms developed from these data are a prerequisite for modeling the germination of switchgrass genotypes adapted to different climatic zones. by an electronic seed counter (Model 850-2; The Old Mill Company, Savage, MD).
Seed Germination Testing
Stratified seeds (14 d at 5˚C) were used for germination testing from March to May 2009 according to Association of Official Seed Analysts (ASOA) rules with no humidity control. Seeds were blotted and placed immediately to the testing temperature to minimize drying which induces secondary dormancy [34] . Preliminary studies at low temperature (<20˚C) indicated that fungal infection can affect germination, prompting the use of Captan{cis-N-[(trichloromethyl)thio-4-cyclohexene-1,2-dicarboximide]} at 0.55 g·ai·kg -1 seed as a drench prior to germination testing at all temperatures. Each genotype was replicated four times in a completely randomized design with 100 seed per replicate placed on a moistened single layer Whatman No. 1 filter paper (Whatman, Atlanta, GA) in a covered 90-cm sterilized disposable plastic Petri dish to minimize moisture loss. Petri dishes were vertically stacked at constant set temperatures, 10 to 45˚C at 5˚C intervals. Constant light with a photon flux density of 35 ± 2.6 µmol·m 2 ·s -1 was provided by cool white fluorescent lamps during a 12-h light period, for all genotypes and temperatures in five germination chambers (Fisher Scientific, Suwanee, GA). Petri dishes were monitored daily to ensure that the filter paper remained moist and watered when necessary with distilled water.
Replicates for each genotype were completely randomized within the germination chamber for each temperature. To minimize the potential of small temperature changes within the chambers, the Petri dishes were rearranged every 6 h. Germinated seeds were counted, recorded and discarded every 6 h. Counts were discontinued if no seed germinated for five consecutive days. A seed was considered germinated when the coleoptile or coleorhizae was at least 2 mm long. Using in Vitro Seed Germination Assay
Curve Fitting Procedure and Data Analysis
Temperature and germination time-course data were fitted with a 3-parameter Sigmoidal function (Equation (1)) using SigmaPlot 11 [35] . This function estimated the maximum cumulative seed germination percentage (germination capacity); the shape and steepness of the curve; and time to reach 50% of maximum germination. The rate of development was derived by the reciprocal of time to 50% of maximum seed germination.
where G is the total seed germination percentage, G max is the maximum cumulative seed germination percentage, x 50 is the time to 50% maximum seed germination, and G rate is the slope of the curve. Maximum seed germination and germination rate responses to temperature were analyzed using linear and nonlinear regression techniques for all genotypes [31] . Based on the highest coefficient of determination (r 2 ) value and the root mean square error (RMSE), the best curve fitting model was obtained. Accordingly, maximum seed germination was modeled using a quadratic function (r 2 = 0.88, RMSE = 5.2) while germination rate was modeled by a modified bilinear function (r 2 = 0.95, RMSE = 1.00). Quadratic and modified bilinear equations estimates for each replicate within each genotype were estimated using PROC NLIN of SAS [36] with a modified Newton Gauss iterative method. For the quadratic model (Equation (2)), the three cardinal temperatures (T min , T opt and T max ), were estimated using Equation (3) to (5).
where MSG is the maximum seed germination, T opt , T min and T max are the optimum, minimum, and maximum cardinal temperatures for seed germination, respectively, T is treatment temperature at which MSG was determined, and a, b, and c are genotype-specific constants generated using PROC GLM in SAS [36] . For the modified bilinear model using Equation (6), T opt was generated using SAS [36] while T min and T max were estimated using Equation (7) and (8) .
where GR is germination rate, T opt , T min , and T max is the optimum, minimum, and maximum cardinal temperatures for seed germination, respectively, T is the treatment temperature, and a, b 1 and b 2 are genotype-specific constants generated using PROC NLIN in SAS [36] .
Cumulative Temperature Response Index (CTRI)
Switchgrass genotypes were classified into cold or heat tolerant groups based on the summation of individual temperature response index values following the protocol used by Salem et al. [30] for pollen germination response to temperature. Accordingly, heat CTRI (H-CTRI) was calculated as the MSG and GR values for each of the cardinal temperatures (T min , T opt and T max ) of a specific genotype, divided by the maximum value observed among all genotypes (Equation [9] ) while cold CTRI (C-CTRI) was determined by dividing the minimum value among all genotypes by the value of a specific genotype (Equation [10] ), where h and t refers to maximum and genotype-specific parameter values. Genotypes were classified based on CTRI of all parameters as coldtolerant (>minimum CTRI + 4 standard deviations [SD]), moderately cold-tolerant (>minimum CTRI + 3 SD), moderately cold-sensitive (>minimum CTRI + 2 SD), and cold-sensitive (>minimum CTRI + 1 SD). Similarly, genotypes were classified as heat-sensitive (>minimum CTRI + 1 SD), intermediate (>minimum CTRI + 2 SD), and heat tolerant (>minimum CTRI + 3 SD). All cumulative germination data were arcsine transformed prior to analysis and back transformed for reporting. Replicated values of cardinal temperatures (T min , T opt, and T max ), temperature adaptability range (TAR = T max -T min ), and MSG were analyzed using the ANOVA procedure (PROC GLM) in SAS [36] to determine the 
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effect of temperature treatment on MSG and GR and their respective cardinal temperatures (T min , T opt , and T max ). Cardinal temperatures for MSG and GR parameter means were separated using Fishers protected least significant differences (LSD) at P = 0.05. Germination parameters (MSG and GR) were treated as dependent variables while temperature and time to germination as independent variables. Regression analysis was carried out using SigmaPlot 11.0. Also, the mean seed germination parameters response to temperature was tested based on lowland (Alamo, Expresso, Kanlow and Tusca) or upland (Blackwell, Carthage, Cave-in-Rock, Dacotah, Forestburg, Shawnee, Shelter, Summer, Sunburst and Trailblazer) ecotypes using Fishers protected least significant differences (LSD) at P = 0.05.
variability of genotypes in their germination characteristics (Figure 1) . For clarity, only data and fitted lines for four genotypes, each representative of northern and southern upland (Cave-in-Rock and Shelter) and lowland (Alamo and Kanlow) ecotypes are presented. There was no germination at 10 or at 45°C in any of the genotypes tested.
Maximum Seed Germination Response to Temperature
Among the linear and nonlinear regression models tested, the quadratic function best described the response of MSG to temperature (mean r 2 = 0.93, RMSE = 5.2). For clarity, only data and fitted lines for four genotypes, each representative of Northern and southern upland (Cavein-Rock and Shelter) and lowland (Alamo and Kanlow) genotypes are presented (Figure 2) . Maximum seed germination varied (P < 0.001) among genotypes with a mean of 73% and ranged from 41 (Alamo) to 93% (Expresso) ( Table 2 ). Cardinal temperatures (T min , T opt, and T max ) for MSG also differed among the genotypes (P
Results

Germination Time Courses
The 3-parameter Sigmoidal function fitted the cumulative germination time course (mean r 2 = 0.98) of genotypes response to temperature efficiently, illustrating the The modified bilinear equation best described the relationship between GR and temperature (mean r 2 = 0.95, RMSE = 1.0) among the linear and non-linear models tested. Cardinal temperatures for GR differed among genotypes (P < 0.05) ( Table 3) . For clarity, only data and predictor lines of four genotypes are presented in Figure 3 . The T min ranged from 9.09 (Dacotah) to 12.92˚C (Shelter) with a mean of 11.13˚C. A mean of 33.12˚C was estimated for T opt which ranged from 29.55 (Shelter) to 35.73˚C (Tusca). Highest T max was recorded in Shelter (48.15˚C), while the lowest T max (45.0˚C) was observed in Kanlow. The TAR ranged from 32.92 (Blackwell) to 36.18˚C (Dacotah) with a mean of 34.88˚C (Table 3) . Ecotypic classification of genotypes indicate that TAR, T min and T max did not differ, but T opt was different (P < 0.05) with a mean of 32.37 and 34.98˚C for upland and lowland ecotypes, respectively (P = 0.0477; LSD = 2.57). Cardinal temperatures variation was small between ecotypes (<4%) with germination rate T min being more variable than T opt and T max for both upland and lowland ecotypes ( Table 3) .
Grouping genotypes based on upland and lowland ecotype revealed no differences (P > 0.05) for MSG, TAR, T min and T max ; however, T opt for MSG was different (P = 0.0471, LSD = 1.53) with mean of 27.02 and 25.47˚C for upland and lowland ecotypes, respectively. Maximum seed germination for both upland and lowland ecotypes also varied ( 10%) (data not shown). Cardinal temperature (T min , T opt and T max ) variation was small between ecotypes (<4%). Maximum seed germination T min was more variable than T opt and T max for both upland and lowland ecotypes. On average, MSG cardinal temperatures were 10 and 6% more variable than germination rate cardinal temperatures for upland and lowland ecotypes, respectively. 
Genotype Classification Using Cumulative Temperature Response Index (CTRI)
Six parameters (T min , T opt , and T max for both MSG and GR) were used for both heat-and cold-tolerance classification of genotypes based on CTRI. Each parameter contributed differently based on its relation to the minimum or maximum value for that parameter across the genotypes. Table 4) . Using the same parameters used for heat tolerance, the genotypes were similarly classified for cold-tolerance ( 
Parameter Relationships
No correlation was found between MSG T min and T max and T opt and T max (P > 0.05), however, a positive linear correlation existed between T min and T opt (r 2 = 0.81, P < 0.0001). As GR T min increased among the genotypes, T max generally increased (r 2 = 0.56, P < 0.0021). An inverse relationship was found between GR T min and T opt (r 2 = 0.58, P < 0.0014) as well as T opt and T max (r 2 = 0.88, P < 0.0001). The correlation between MSG and GR cardinal temperatures varied, but a weak positive correlation was found between MSG and GR T min (r 2 = 0.39, P = 0.0163), while a weak negative correlation was found etween MSG and GR T opt (r 2 = 0.46, P = 0.0071). b Using in Vitro Seed Germination Assay 
Discussion
Seed germination is a complex physiological process modulated by internal and external factors and their interactions. Similar to other growth and developmental processes, temperature influences seed dormancy, germination capacity and rate, and seedling emergence. To our knowledge, this is the first study to evaluate the influence of temperature effects on seed germination characteristics of diverse switchgrass genotypes. The resulting data provided functional algorithms for modeling and segregating genotypes for cold-and heat-tolerance based on seed-based parameters. Optimal temperatures for MSG and GR differed among the genotypes with MSG optimum occurring over a range and GR having a sharply defined optimum. Relative to MSG, GR had higher T min , T opt and T max values consistent with previous reports that many species typically have higher optimum temperatures for GR than for MSG percentage [11] . Germination rate is more temperature sensitive than final germination percentage in Setaria lutescens and Amaranthus retroflexus [37] similar to our finding in switchgrass genotypes. Germination rate is affected by the depth of dormancy, imbibition rate and the rate of catabolic and anabolic pathways all of which are directly or indirectly temperature dependent while the maximum seed germination is more affected by the rate of rehydration rather than the speed of the physiological pathways affecting cell expansion.
Maximum Seed Germination
All switchgrass genotypes tested exhibited a quadratic response to temperature (r 2 = 0.93), similar to indiangrass (Sorghastrum nutans (L.) Nash) tested under alternating temperature conditions [6] , another native warm-season species. Mean MSG (73%) in the current study is similar to the 77% to 78% reported for similar genotypes [1, 2, 5] , although the temperature and lighting conditions across these experiments are divergent.
With the exception of Expresso, which has been selected for increased precocious germination (B. Baldwin, personal communication, 2009), MSG of the other two lowland genotypes (Alamo and Kanlow) were less than 55%.
The optimum temperature for switchgrass MSG in the 
Germination Rate
Thermal response of switchgrass seed germination is consistent with thermal response patterns of a number of other physiological processes [41] . At suboptimal temperatures (T min to T opt ), germination rate (reciprocal time to 50% germination) generally increases linearly with temperature, but decreases linearly with temperature at supra-optimal temperatures (T opt to T max ). This characteristic thermal response is similar to germination rate of chickpea (Cicer arietinum L.) [2, 27] , lentil (Lens culinaris Medic.) and soybean (Glycine max (L.) Merr.) [27] , pearl millet (Pennisetum glaucum (L.) R. Br.) [42] , sorghum [Sorghum bicolor (L.) Moench.] [43] and cool season weeds [44] . A decline in germination rate with decreasing temperature is partly associated with decline in the imbibition rate observed with a reduction in temperature [45] . Germination rate response to temperature was described previously by two linear equations; the first describing the positive linear relationship between the minimum and optimum temperatures and the second describing the negative linear relationship between optimum and maximum temperature [2, 27] . In the current study, GR was modeled using a single modified bilinear equation, which was previously used by several studies ( [30] [31] [32] [33] 46] ) to quantify pollen germination and pollen tube growth responses to temperature. Analogous to pollen, seeds are considered independent functional units that are responsive to temperature changes. Even though MSG percentage is the most important parameter determining commercial value of seedlots, GR influences the uniformity and rapidity of emergence in nurseries [47] . Germination rates are most rapid at optimum temperature ranging from 29.5˚C to 35.6˚C.
Cardinal Temperatures
Biological processes are typically characterized by cardinal temperatures describing the range of temperature over which a process can occur. The effect of temperature on seed germination can be expressed in terms of cardinal temperatures, that is, T min , T opt , and T max at which germination will occur [48] . Cardinal temperatures may be used to describe the range of adaptation of a species.
Though switchgrass is reported to be the most temperature specific of the warm-season grasses [15] , there exists significant intra-specific differences in cardinal temperatures that may be related to the different areas of origin or adaptation [40, 49] . The genotypes Cave-inRock, Dacotah, Forestburg, Shawnee, Shelter, Summer, Sunburst, and Trailblazer are from the cooler northern regions where average minimum temperatures range from -23.3˚C to -17.8˚C, while Alamo, Blackwell, Expresso, Kanlow, and Tusca are from warmer growing regions with average minimum temperatures ranging from -17.8˚C to 4.4˚C. Cardinal temperature coefficients can be directly compared for screening germplasm [44] . The cardinal temperatures derived for both MSG and GR can be used in evaluation of potential regions for introduction of switchgrass and also aid in on-farm operational practices such as appropriate sowing dates when soil temperature would be conducive to optimum germination and emergence and ultimately optimum stand establishment and crop performance. Genotypes with lower T min values can be subjected to early-season sowing because of their inherent capacity to germinate in cooler temperatures. The variability of cardinal temperatures both for MSG and GR indicates broad latitudinal adaptation across the various plant hardiness zones of the USA [50] .
The cardinal temperatures derived for GR may be comparable with subsequent developmental stages of switchgrass ontogeny (morphological development). Kiniry et al. [16] assumed a base temperature of 12˚C for all growth stages of switchgrass in the ALMANAC model, however, the results in this study suggest that cardinal temperatures are genotype-specific and may be process-specific as well. Therefore, the derived cardinal temperatures in this study may be used to refine model algorithms for on-farm application and policy assessments.
Temperature Tolerance Classification
Temperature tolerance refers to the ability of an organism to cope with excessively high or low temperatures. Direct selection under field conditions is generally difficult because uncontrollable environmental factors affect the precision and repeatability of such trials. Stress tolerance is a developmentally regulated, stage-specific phenomenon; hence species may show different sensitivity to stress at different developmental stages. All stages through a plant's ontogeny are sensitive to temperature; will validate the use of seed-based parameters as a screening tool. This information is lacking in the literature with respect to screening temperature tolerance of diverse switchgrass genotypes, even though several studies link intraspecific differences in germination to geographical and ecological areas of distribution or origin [51] .
therefore, screening for tolerance should be conducted at the most sensitive stage. Seed germination is temperature dependent and can be used to screen for temperature tolerance. In vitro assays are not subjected to uncontrollable biotic and abiotic stress factors marring true tolerance potential. In the field, genotypes with high minimum temperature would experience little germination in early spring when temperatures would frequently drop below the T min level.
The classification method tested suggests that CTRI for heat-and cold-tolerance are inversely related (r 2 = 0.64, P = 0.0006), suggesting that it may be difficult to identify a cultivar that possesses both heat-and coldtolerance characteristics (Figure 4) . Variability among genotypes for heat-and cold-tolerance suggests that selection or breeding among genotypes is a viable objective. Switchgrass adaptation to a specific ecoclimatic and edaphic region is determined by the growth rate, photoperiodism, heat tolerance, and cold or freezing tolerance of a specific genotype [10] .
In the current study, the successful use of CTRI, based on the summation of individual temperature response indices and then separated by standard deviation based on the number of classes of interest, confirms that seed-based parameters derived from in vitro seed germination assay can be used for genotype temperature tolerance classification. Genotype variability associated with temperature tolerance was demonstrated in this study. Alamo, Blackwell, Carthage, Dacotah, Shawnee, Shelter, and Summer were classified as cold-sensitive while Expresso was classified as cold-tolerant. Conversely, Cavein-Rock, Dacotah, Expresso, Forestburg, Kanlow, Sunburst, Trailblazer, and Tusca were determined to be heat-sensitive and Summer as heat-tolerant. Since basal temperature tolerance is a function of genetics and acquired temperature tolerance is latitude and temperature-induced, corroborating seed-based temperature tolerance with vegetative or other reproductive responses Ecotype classification in this study did not necessarily confer the temperature tolerance characteristic of a specific ecotype. For example, Alamo, a lowland genotype, was classified as intermediately heat-tolerant while Summer, an upland genotype was classified as heattolerant using seed-based parameters. Genotype temperature tolerance is determined not only by ecotypic classification, but also latitude of origin, photoperiodism and [52] , switchgrass morphological development is determined primarily by its response to daylength [53] . Since ecotypic classification are more related to photoperiod responsiveness than temperature, the small or little variation observed between upland and lowland ecotypes for seed germination characteristics may be as result of ecotypic temperature insensitivity.
Since tolerance mechanisms are developmentally regulated, it is prudent to validate controlled in vitro seed germination assay with field performance tests. In the current study, GR and MSG were evaluated as estimators of temperature tolerance using 14 diverse genotypes. Using similar techniques, 12 genotypes of sorghum were screened for cold tolerance in controlled in vitro germination studies and GR was found to be strongly correlated with rate of emergence under field conditions, confirming that screening using parameters based on in vitro studies is a rapid and reliable method for handling large number of genotypes before evaluation in the field [26] . The current study quantified the relation between GR and temperature, highlighting genotypic differences. It is necessary in future work, therefore, to determine whether in vitro seed germination assay has potential in selection and screening procedures in breeding programs.
Conclusions
The current study quantified the effects of temperature on seed germination rate and capacity of 14 diverse switchgrass genotypes and determined the cardinal temperatures for MSG and GR. Genotypic variability for MSG, GR, their respective cardinal temperatures, and TAR were found to exist among the switchgrass genotypes tested. Mean minimum temperatures for MSG and GR were 8.08˚C and 11.1˚C, respectively, while optimum temperatures were 26.6˚C and 33.1˚C, respectively. The cumulative temperature response index method used in the current study identified both heat and cold tolerant genotypes and demonstrated that variability existed among genotypes and ecotypes. The cardinal temperature estimates would be useful to improve switchgrass models for field applications. Additionally, the identified coldand heat-tolerant genotypes can be selected for niche environments and in switchgrass breeding programs to develop new genotypes for cold and hot environments.
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